Prolificacy is a desirable trait for genetic improvement of sheep flocks, since it holds the potential to improve productivity. Animals carrying single-nucleotide polymorphisms (SNPs) in genes associated with this trait can be identified and employed to increase prolificacy in flocks. In this study, we report a diagnostic method based on quantitative PCR and high-resolution melting curves to detect different SNPs in the prolificacy-associated gene growth differentiation factor 9 (GDF9). The diagnostic method was validated using artificial sequences representing known SNPs in GDF9, then applied to a real flock comprising four breeds and admixed animals (n = 306). Five different SNPs were identified in this flock, as was a low or null frequency of occurrence of SNPs positively associated with prolificacy. This indicates a need to implement a breeding strategy for recovering or reintroducing such SNPs. Our method provides a genotyping strategy for identifying individuals with SNPs of interest for prolificacy, which will help producers plan a breeding strategy for this trait. This method can be adapted and expanded for the diagnosis of other traits of interest.
Introduction
Flock management is integral to the economic sustainability of sheep production. The main characteristics that have the most effect on offspring number and success are maternal ability, fertility, and prolificacy (Abdoli et al. 2016) . For the latter two, various investigators have reported positive molecular markers (Davis 2005; Kolosov et al. 2015) . Given that these characteristics have low heritability in the field, due to underestimation of animal genetics (Veerkamp and Beerda 2007; Pan et al. 2015; Abdoli et al. 2016) , the development of diagnostic protocols for the early detection of desirables genotypes may allow the implementation of planned breeding strategies and lead to increases of multiple births and production rates (McNatty et al. 2004; Kumar et al. 2006; Moghadaszadeh et al. 2015) .
Three fecundity genes have been identified in the sheep, namely, bone morphogenetic protein receptor type 1B (BMPR1B; or activin-like kinase 6, ALK6) known as FecB on chromosome 6, bone morphogenetic protein 15 (BMP15) known as FecX on chromosome X, and growth differentiation factor 9 (GDF9) known as FecG on chromosome 5 (Abdoli et al. 2013 (Abdoli et al. , 2016 . These genes produce proteins participating in processes related to ovulation rate and offspring number (Pramod et al. 2013; Moghadaszadeh et al. 2015) .
Single-nucleotide polymorphisms (SNPs) on GDF9 have been associated with improved prolificacy in a number of breeds (Hanrahan et al. 2004; Chu et al. 2011; Paz et al. 2014) . Although it is unclear how the amino acid changes coded in these SNPs influence the function of GDF9, they can be used to identify the individuals with most genetic potential for prolificacy (Palmer et al. 2006; Mullen and Hanrahan 2014) . Various molecular techniques have been used to detect SNPs, with the most often reported based on polymerase chain reaction (PCR) followed by digestion with restriction enzymes, electrophoretic separation (RFLP) and confirmation by sequencing (Hanrahan et al. 2004; Polley et al. 2010; Khodabakhshzadeh et al. 2016 ). However, these procedures are time-consuming, require three different sequential processes, and can be costly for large flock diagnostics.
Recently, the development of DNA-intercalating chemicals, such as SYBR-green and EVA-green, has led to the extensive development of different quantitative PCR (qPCR)-based techniques (Schmittgen and Livak 2008) . In the area of diagnostics, the use of high-resolution melting curves (HRM) after qPCR has proved successful for a quick and cost-effective detection of SNPs on human, animal, and plant research (Vossen et al. 2009; Yao-Jing et al. 2011; Meistertzheim et al. 2012; Simko 2016) . Briefly, these HRM curves are acquired when short DNA amplicons (\90 bp) obtained with primers flanking the SNPs of interest are heated in small but constant temperature intervals until they are denatured, at which point the intercalating chemical is released, sending less fluorescent signal to a detector and plotting this decrease against the temperature increase (Reed et al. 2007) . Amplicons from different individuals with sequence changes of even only one base will release the intercalating chemicals at a different temperature, allowing its detection, comparison with synthetic controls and assignment to a genetic group (Vossen et al. 2009 ). Most modern qPCR machines have such short and finely controlled temperature-ramping features (0.01-0.2°C, named, therefore, high resolution) and software to perform HRM genotyping (Simko 2016) .
Given the importance of gene polymorphism determination in farm animals breeding (Javanmard et al. 2008; Mohammadi et al. 2009; Mohammadabadi et al. 2010; Ruzina et al. 2010; Shamsalddini et al. 2016) , the aim of study was to report the design, validation, and implementation of a qPCR-HRM protocol to perform large-scale diagnostic ([260 individuals) of SNPs and allele variants for GDF9 in Mexican sheep flocks to offer a quick and high-throughput tool that detects elite animals for future breeding programs.
Materials and methods

Design and qPCR-HRM test of control and primer oligonucleotide sequences
The sequence for sheep GDF9 was downloaded from the National Center for Biotechnology Information (NCBI; Accession No. AF078545.2) and used to design for each SNP, two 80-bp single-strand synthetic DNA molecule, one incorporating the base change of the SNP (positive synthetic) and the other, the wild-type (WT) sequence (negative synthetic). DNA oligonucleotides flanking the SNP were designed to amplify by qPCR (labeled FS and RS; Supplemental Table 1 , Supplemental Fig. 1 ). Primer parameters (40-60% GC, 20-25 b in length, and 58-60°C Tm, amplicon \100 pb) and dimer-dimer exclusion were calculated with OligoCalc (http://biotools.nubic.northwestern.edu/OligoCalc.html; Kibbe 2007) . The synthetic sequence labeled PSG simulated a positive homozygous, NSS1 simulated a WT homozygous, and an equimolar mixture of both simulated a heterozygous. All DNA molecules were synthesized by Macrogen (Seoul, Korea). The selected SNPs (Supplemental Fig. 1 ) were G1 (260, G/A, R87H), G4 (721, G/A, E241K), G6 (994, G/A, V332I), and G7 (1111, G/A, V371M).
A Piko Real 96 thermocycler (Thermo Scientific) was employed to perform qPCR-HRM, following a program of 95°C for 15 s, 60°C for 30 s, and 72°C 30 s, for 40 cycles, followed by an HRM analysis with ramping by 0.2°C from 65 to 95°C. Two different pre-dyed master mixes were compared, EVA-Green containing Luminaris Color HRM Master Mix (Thermo Scientific K1031BID) and SYBR-Green Maxima qPCR Master Mix 2X (Thermo Scientific, K0252). Both master mixes were used following the manufacturers' instructions. Synthetic SNP sequences were tested using duplicates in an operational range from 10 lM to log dilutions up to 1:100,000 (efficiency = 100%) to determine that 1:10,000 amplified at the same cycle threshold as sheep genomic DNA (gDNA). To detect allelic differences, triplicate synthetic controls were analyzed by qPCR-HRM, and normalized melting curves (NMC) and differential curves (DC) were obtained using the HRM Tool included in the integrated software (Piko 2.1).
Animals and DNA extraction
Blood samples were obtained from 306 sheep (18-36 months) at a facility located in the Papaloapan River Basin (Oaxaca, México). Katahdin (n = 163), Dorper (n = 36), Black belly (n = 17), Pelibuey (n = 35) breeds, and admixed individuals (n = 55) were registered according to phenotypic characteristics of each breed (Supplemental Fig. 2 ). Jugular puncture was used to extract blood into 10 ml Vacutainer tubes with EDTA; these were stored at -20°C prior to DNA extraction. DNA was purified using a Vivantis GF-1 kit following manufacturer instructions (Vivantis, GF-BD-050) and samples were stored at -20°C.
qPCR-HRM testing of sheep samples
Sample gDNA concentration was quantified using a Nanodrop 2000 spectrophotometer (Thermo Scientific), normalized to 12 ng/ll and used for qPCR in a final concentration of 60 pg/ll. Only Maxima SYBR-Green qPCR Master Mix 2X was used at this step, since no differences with EVA-Green were detected (see ''Results and discussion''). qPCR-HRM of the GDF9 gene was performed and analyzed as for synthetic samples described above.
DNA sequencing
Sheep samples diagnosed for all SNPs in GDF9 (n = 16) were selected and directly sequenced using 8 ng/ll gDNA with the sequencing oligonucleotides that amplify 708 and 799 bp for GDF9 exon 1 and exon 2, respectively (labeled GDF91 or GDF92; Supplemental Table 1 ). Sequencing was performed by the Instituto de Biotecnología Universidad Nacional Autónoma de México (Cuernavaca, México; http://www.ibt.unam.mx/sintesis/secuenciacion.html) and analyzed using Chromas 2.1 (Technelysium Pty Ltd).
Hardy-Weinberg statistical analysis
The genotype of each animal (as determined by HRM) was used to calculate allelic and genotypic frequencies with the Hardy-Weinberg equation (Falconer and Mackay 1996) :
where p 2 is the number of individuals homozygous for SNP n, 2pq is the predicted frequency for heterozygous, and q 2 is the number of individuals homozygous for SNP m.
Results and discussion qPCR-HRM using controls sequences
The two different intercalating dyes EVA-and SYBRgreen, as provided by the two separate master mixes, were used to differentiate SNPs on the synthesized GDF9 gene by qPCR-HRM. We observed that qPCR-HRM could clearly differentiate both G1 A/A and G/G SNPs with 99.5% confidence with both intercalating dyes using NMC and more clearly using DC (Fig. 1) . For A/G, EVA-Green produced a smoother curve than SYBR-Green; however, both were distinguishable from the homozygous signals with 98% confidence (Fig. 1a, b) . Synthetic control molecules for G4, G6, and G7 SNPs showed a similar trend and allowed the identification of all possible homozygous and heterozygous states. Therefore, in subsequent analysis, we employed only SYBR-Green mix.
Sheep flock diagnostic for GDF9 SNPs by qPCR-HRM
Eight SNPs have been reported for GDF9, namely, G1-G8 (Supplemental Fig. 1 ; Hanrahan et al. 2004) . In this work, we analyzed G1, G4, G6, and G7, since they are nonsynonymous mutations, and G1 has been reported to have an additive effect on litter size in heterozygous sheeps (Paz et al. 2015) . The diagnostic of G4, G6, and G7 can be used to estimate allele diversity.
When gDNA samples were analyzed and compared in parallel to synthetic controls, the only SNP identified for G1 was G/G (n = 270; Fig. 2a ), and this was further confirmed by sequencing ( Fig. 2e ). This SNP is considered wild type for prolificacy, while A/A and A/G are considered prolificacy indicators (Moradband et al. 2011; Barzegari et al. 2010) . G1 mutation occurs at amino acid residue 87 in exon 1, and changes from arginine to histidine. This mutation was reported in Garole sheep, which is one of the most prolific breeds in India (Polley et al. 2010) . The mutation is also reported in Chilean sheep breeds, as an SNP that may be used as a molecular marker for prolificacy, with an additive effect on litter size in heterozygous animals (Paz et al. 2015) . Given the importance of G1 SNP, the first conclusion of applying this diagnostic methodology for this flock of Mexican sheeps is that is necessary to implement a strategy to introduce A alleles in all breeds to increase prolificacy. In other studies, it has been observed that G1 SNP is more diverse, ranging from 10 to 40% of heterozygous individuals (A/G) in Salskaya and Romanov breeds (Kolosov et al. 2015) , and 6-50% in Chilean Chilota and admixed sheeps (Paz et al. 2014 (Paz et al. , 2015 .
In the case of SNP G4 (n = 226), both G/G (70%) and A/G (30%) were identified ( Fig. 2b) and confirmed ( Fig. 2f, homozygous; Fig. 2g, heterozygous) . SNP G4 substitutes a glutamate residue for lysine, but since it is located next to a furin processing site, it is expected not to affect the mature protein (Hanrahan et al. 2004) .
For SNP G6 (n = 293), all three possible combinations were detected ( Fig. 2d ) and confirmed (Fig. 2h, i) in abundance of 10, 77, and 13% for A/A, G/G, and A/G, respectively. SNP G6 is a neutral polymorphism for prolificacy (Hanrahan et al. 2004) .
During the analysis of SNP G6, a fourth variant in A/G heterozygous was found through HRM analysis (Fig. 2c) . After sequencing, we found that it was the product of neutral SNP G5, 15 bp downstream of G6. Although SNP G5 is not useful for animal breeding, its detection through qPCR-HRM indicates that this method can be designed to simultaneously detect two closely located SNPs.
For SNP G7, only the G/G genotype was detected (n = 293). Both A/A and G/G have wild-type fertility, with heterozygosity leading to increased ovulation rate (Mullen and Hanrahan 2014) . Therefore, this specific flock necessitates a strategy for obtaining heterozygous individuals, as with G1.
When these data were separated by breed and analyzed using a Hardy-Weinberg model, SNP G4 was found in all breeds to be in equilibrium, indicating the absence of selective pressure (Table 1) . Conversely, SNP G6 was found to be in equilibrium only in Pelibuey sheep, indicating selective pressure for this SNP (Table 1) .
We compared the methodologies of our previous work using RFLPs for the detection of bovine k-casein (Cortés López et al. 2012 ) with qPCR-HRM for the diagnostics of sheep GDF9 SNPs. We found that although qPCR-HRM requires almost twice as much investment in a qPCR machine, once this is obtained, qPCR-HRM is four times more economically efficient when sample processing capacity and analysis time is incorporated (Supplemental Table 2 ). The main reason is that qPCR is a closed-tube assay that allows real-time data observation and needs no further processing with electrophoresis and gel imaging (Vossen et al. 2009 ).
Allelic distribution
Individual SNP identification can be complemented with allelic classification for each individual. Since G1 and G7 were not polymorphic, only G4 and G6 were included (Fig. 3) . This allows the classification of individuals according to their genetic identity and may be used for planning strategies for conserving diversity and for identifying unique individuals of interest for breeding.
In Katahdin individuals, it was observed that SNP G4 G/G and G6 G/G were predominant (43%), followed by A/G-G/G (17%), G/G-A/G (12%), A/G-A/G (11%), G/G-A/A (11%), and A/G-A/A (6% ; Table 1 ). At the population level, the predominant allelic combination was G/G-G/G (61%), also considered the wild-type allele for sheep (Hanrahan et al. 2004 ). This explains the comparatively low frequency of observed prolificacy.
Future directions
GDF9 has SNPs that lead to synonymous amino acidic changes (G2, G3, and G5) that should not affect protein a b Fig. 1 qPCR-HRM analysis for G1 single-nucleotide polymorphism (SNP) using synthetic controls and two different intercalating dyes. Normalized melting curves (NMC, left) and differential curves (DC, right) are shown using intercalating dye. a SYBR-Green or b EVA-Green. Colors correspond to a different SNP as indicated. Two independent experimental replicates are presented. RFU relative fluorescence units c Fig. 2 Genotyping of sheep GDF9 single-nucleotide polymorphisms (SNPs) by qPCR-HRM and validation by sequencing. a-d Normalized melting curves and differential curves produced using SYBR-Green.
Colors correspond to different SNPs as indicated in the legend. Two independent experimental replicates are presented for controls, and for sheep gDNA, all analyzed in the same plate. e-k Electropherograms of gDNA results sequencing from representative individuals to validate the indicated SNP sequence; however, it has been suggested that the change in the DNA sequence may lead to alterations in tRNA usage and mRNA transcription, splicing, transportation, and translation (Abdoli et al. 2016) . Therefore, the use of qPCR-HRM genotyping can be combined in the future with reverse transcription qPCR to measure mRNA expression and obtain information at both levels of the flow of genetic information. The phenotypic outcome of an allele depends on other allele expression and mutations, and this may explain the variability of SNPs effect on prolificacy in different breeds (Abdoli et al. 2016) . The HRM genotypic strategy here reported may be used as a high-throughput tool to increase the individuals included in genetic studies aimed to correlate prolificacy determinants in different breeds, monitor gene introgression, and elite animal selection (Mullen and Hanrahan 2014) . In addition, it can be concomitantly implemented with other diagnostic methods for BMP15 and BMPR1B (Yao-Jing et al. 2011; Mullen et al. 2013) .
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In addition to the SNPs here used, GDF9 G8 has also been reported to be important in prolificacy in heterozygous animals, and in some breeds, homozygous individuals may be sterile (Hanrahan et al. 2004 ). Using SNPs with strong influence on prolificacy, such as G8, may not be optimal in animal breeding, because it leads to low weight and the need of hand rearing (Mullen and Hanrahan 2014; Abdoli et al. 2016) . Following the methodology here reported, a strategy can be further designed for the selection of individuals with such heterozygous state in G8 and control of its segregation.
Finally, HRM curves can also be applied for sheep genotyping intended to trace the source of mutations in specialized sheep breeds and examine the genetic distances between breeds and interbreeding outcomes, as reported in Belclare and Cambridge sheeps for FecX G (BMP15) and FecG H (G8, GDF9) alleles (Mullen et al. 2013) .
Conclusions
GDF9 has been thoroughly studied in relation to its influence on prolificacy traits. This made it a suitable candidate to design, test, and implement a diagnostic tool for large flock characterization. Using qPCR-HRM, we were able to detect all variants of five SNPs in GDF9, and create an allelic frequency report to be used for developing a breeding strategy. The data analysis indicated that the genetic diversity of the Mexican sheep flocks analyzed is low and poorly enriched in SNPs positively associated with prolificacy, most likely because of the lack of breeding programs using modern genetic methodologies. This method proved to be efficient and cost-effective when compared to the traditional methodologies such as RFLP.
In the future, it can be easily scalable for larger studies aimed at conserving genetic diversity of flocks and identifying elite individuals. If combined with trans-generational studies of prolificacy and fertility, it will allow the monitoring of modern breeding strategies.
